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The formation of two-neutron “halo”, a low-density far-extended surface of weakly-bound two neutrons, 
is described using the neutron–neutron (nn) interaction ﬁxed at the low-energy nn scattering limit. This 
method is tested for loosely-bound two neutrons in 24O, where a good agreement with experimental data 
is found. It is applied to halo neutrons in 22C in two ways: with the 20C core being closed or correlated 
(due to excitations from the closed core). This nn interaction is shown to be strong enough to produce 
a two-neutron halo in both cases, locating 22C on the drip line, while 21C remains unbound. A unique 
relation between the two neutron separation energy, S2n , and the radius of neutron halo is presented. 
New predictions for S2n and the radius of neutron halo are given for 22C. The appearance of Eﬁmov states 
is also discussed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The neutron halo, an extremely extended density distribution 
of neutron(s), is one of the most visible novel phenomena asso-
ciated with exotic nuclei. Here, the exotic nuclei denote atomic 
nuclei with unbalanced ratios of the proton number (Z ) and the 
neutron number (N), compared to stable nuclei, and result in short 
life times. For stable nuclei, the ratio N/Z is around 1 ∼ 1.5, and 
their life times are inﬁnite or extremely long. The Segré chart plots 
each nucleus on a two-dimensional plane with the horizontal (ver-
tical) axis of N (Z ). A part of it up to oxygen (Z = 8) is shown 
in Fig. 1. Fig. 1 demonstrates that starting with a stable nucleus 
with a given Z , one can add neutrons and create neutron-rich 
exotic isotopes. Such an additive process is terminated at the exis-
tence limit of isotopes, the (neutron) drip line [1]. Close to the drip 
line the last added neutron(s) is weakly bound, and forms neutron 
halo in certain cases.
The discovery of a neutron halo was made for 11Li by Tanihata 
and his collaborators [2] in the form of the extraordinarily large 
reaction cross section measured. Its interpretation in terms of a 
neutron halo was given by Hansen and Jonson [3]. Since then, quite 
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SCOAP3.a few exotic nuclei have been reported to have such halo neu-
tron(s) [4]. We include nine such cases in Fig. 1 (indicated in pink). 
The neutron halo is an example of quantum tunneling arising due 
to extremely loose binding [3]. Along with the two-neutron halo 
in 11Li, the most well-known one-neutron halo is 11Be. In most of 
the well known cases of a neutron halo, the wave function of a 
neutron halo is composed of conﬁgurations involving more than 
one single-particle orbit (as is the case with 11Li and 11Be). In 
such cases, various many-body correlations such as paring, vibra-
tion, deformation, etc., contribute to the formation of the neutron 
halo [4], and complicate its study. Largely due to this complexity, 
a comprehensive theoretical description of a nucleus with a signif-
icant neutron halo remains an open question.
We present, in this letter, how the two-neutron halo can be 
investigated as a consequence of the relevant neutron–neutron in-
teraction ﬁxed in a robust manner. This method is tested in 24O 
and then applied to the case of 22C, where the last two neutrons 
are bound in an s (l = 0) orbit. The nucleus 22C is the heaviest 
among the known halo nuclei (see Fig. 1) and is presently one of 
the least characterized among halo nuclei. Fig. 1 also shows that 
21C is unbound, which implies that this s orbit is not bound by 
the mean nuclear potential. Therefore, the interaction between the  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
200 T. Suzuki et al. / Physics Letters B 753 (2016) 199–203Fig. 1. (Color online.) Segré chart showing stable (blue) and neutron-rich exotic (yel-
low) isotopes up to oxygen. Isotopes with a neutron halo are shown in pink. The 
element’s name and the year of discovery of the drip-line isotope are shown to the 
right. The numbers labeled along the axes correspond to (sub-)magic numbers.
last two neutrons should play a crucial role in making them bound 
in 22C, and the nucleus 22C marks a prominent edge of the drip 
line. This is nothing but a Borromean situation [5,6]. Similar con-
ﬁgurations have been considered in previous theoretical works on 
22C [7–10], but different methods and interactions are used as dis-
cussed later.
Recent measurements suggest that the last two neutrons in 22C 
are predominantly in the s1/2 orbits with very weak binding [11]. 
It has also been suggested based on reaction cross section mea-
surements that 22C has an extended density distribution [12], and 
more experimental conﬁrmation is under way. Because of the ab-
sense of a centrifugal barrier in the mean potential for a neutron 
in the s1/2 orbit, an extremely weak binding of the neutron(s) re-
sults in a signiﬁcant tunneling. This signiﬁcant tunneling implies 
an extended radial wave function for the s1/2 orbit and thereby a 
reduced kinetic energy. On the other hand, due to the extended 
wave function, apart from the static effect of the mean potential, 
dynamical coupling with other well-bound well-localized orbits 
becomes weaker, pointing to the pure s21/2 conﬁguration and the 
undisturbed core. If there are two neutrons in this s1/2 orbit, the 
interaction between them can be the only source for additional 
binding. We shall discuss such a case in this letter, introducing 
a method based on the low-energy limit of the neutron–neutron 
scattering, i.e., a description based on the scattering length and the 
effective range.
The system to be discussed comprises of two neutrons having a 
pure conﬁguration of the s1/2 orbit with an inert core. As the inert 
core contains the 1s1/2 orbit fully occupied, the present s1/2 orbit 
should have one radial node (2s1/2), while its radial wave function 
is to be determined. The mean potential generated by nucleons in 
the core is modeled by a Woods–Saxon (WS) potential. This po-
tential is attractive near the center of the nucleus, but vanishes at 
large distance. Standard values for its parameterization are used: 
the radius R0 = r0 × A1/3c fm where Ac is the mass number of the 
core, r0 = 1.27 fm, and the diffuseness a = 0.67 fm. The potential 
depth, denoted as VW S , is discussed later. The resultant WS po-
tential is denoted as u(r), where r denotes the relative coordinate 
between the neutron and the center of the mass of the core. The 
notation that u(r = 0) = −VW S , i.e., VW S > 0 is used.
The coordinates of the two last neutrons are denoted as r1
and r2, respectively. The Hamiltonian can then be written as
H = t1 + u(r1) + t2 + u(r2) + vnn(r1 −r2), (1)
where t1,2 denotes the relevant kinetic energy, and vnn is the in-
teraction between the two neutrons. We brieﬂy comment on the 
center-of-mass motion of the total system. This motion is not com-
pletely removed from the Hamiltonian in eq. (1). In principle, it 
can be removed, for instance, by using the relative coordinate from 
one neutron to the center of mass between the other neutron and the core. The effects of such a reﬁned treatment is expected to 
be rather small, considering the large A (> 20) of the core. The 
Hamiltonian in eq. (1) leads to an extremely simple picture as will 
be shown later.
A one-body Hamiltonian for neutron 1 is introduced as
h1 = t1 + u(r1). (2)
This Hamiltonian is so chosen that the 2s1/2 orbit is unbound giv-
ing the upper bound of VW S . The other one-body Hamiltonian, h2, 
for the other neutron is deﬁned similarly.
We now turn to the interaction between neutrons 1 and 2, 
vnn in eq. (1). The radial wave function of the 2s1/2 orbit has a 
large extension in the present case, thus allowing the use of the 
low momentum limit. This is described in terms of the scattering 
length (−18.9 ± 0.4 fm) and effective range (2.75 ± 0.11 fm) [13]. 
Based on the well-known theorem that any interaction reproduc-
ing these parameters is equally good at the low energy limit, vnn
is chosen to be represented by a Gaussian interaction with its 
strength and range parameters tuned to obtain the above two pa-
rameters. This Gaussian interaction has no spin dependence. Thus 
vnn in eq. (1) is ﬁxed and the corresponding Schrödinger equation 
is solved. The solution is obtained as follows. Let ψ1 and ψ2 be the 
wave function of the neutrons in the 2s1/2 orbit with spin up and 
down, respectively. Each of them can be given as a product of the 
coordinate part φ and the spin part. The two-neutron wave func-
tion  is given by an antisymmetrized product of ψ1 and ψ2. The 
total spin is coupled to S = 0 so as to gain binding energy due to 
the short range nature of the vnn interaction. This implies that the 
spin part of  takes care of its antisymmetrization. The spin com-
ponent hereafter is omitted, and the corresponding Schrödinger 
equation of the two neutrons can be written as,
{h1 + h2 + vnn(r1 −r2)}φ(r1)φ(r2) = Enn φ(r1)φ(r2), (3)
where φ1 (φ2) is the coordinate part of ψ1 (ψ2) and Enn denotes 
the energy eigenvalue of the two-neutron halo state.
By multiplying φ(r2)∗ from left and performing the integration 
with r2, one obtains
{h1 + 2 + w(r1)}φ(r1) = Enn φ(r1), (4)
where 2 = 〈φ(r2)|h(r2)|φ(r2)〉 and
w(r1) = 〈φ(r2)|vnn(r1 −r2)|φ(r2)〉 (5)
with the dependence of r2 being integrated in both cases.
A similar equation for φ(r2) can be obtained. These equations 
can be solved in an iterative way, starting with appropriate trial 
wave functions. The functional forms of φ1 and φ2 are assumed to 
be identical due to the time reversal symmetry, and are expressed 
as φ in the following. At the end of the iterations, the equality 
Enn = 1 + 2 + V , is obtained, where
V = 〈φ(r1)|w(r1)|φ(r1)〉 = 〈φ(r1)φ(r2)|vnn|φ(r1)φ(r2)〉. (6)
Thus from the above discussion, we have 1 = 2 =  . By omit-
ting the particle index, eq. (4) can be rewritten as
{h + w(r)}φ(r) = (Enn − )φ(r), (7)
which takes the form of a one-body Schrödinger equation. Note 
that  is not an eigenvalue of h in eq. (2) but is the expectation 
value of h with respect to φ(r). Since Enn is nothing but −S2n , 
where S2n is the two-neutron separation energy, we obtain
Enn −  = Enn/2+ V /2 = −S2n/2+ V /2. (8)
We now study the large-distance behavior of the 2s1/2 solu-
tion of eq. (7). At these distances, only the kinetic-energy term 
T. Suzuki et al. / Physics Letters B 753 (2016) 199–203 201Fig. 2. (Color online.) Density distributions for a neutron in the 2s1/2 orbit in 23,24O. 
The red solid line is obtained by the present method including the interaction be-
tween the valence neutrons, while the black (dashed) line is obtained by adjusting 
the depth parameter of the Woods–Saxon potential so as to reproduce the experi-
mental separation energy.
contributes in h + w(r), and the resultant wave function takes the 
Yukawa form φ(r) ∝ exp(−ηr)/r with
η =√2m |Enn − |/h¯ =
√
m |−S2n + V |/h¯, (9)
where r = |r| and m stands for the reduced mass. Often in litera-
ture, the damping tail of the 2s1/2 radial wave function has been 
described in terms of −S2n/2 (i.e., V = 0 in eq. (9)). The present 
work shows that such a prescription is incorrect, and the damping 
is stronger because V is negative (attractive force).
We ﬁrst test the validity of this method in 24O, where the 
closed shell structure has been veriﬁed experimentally [14,15]. The 
value of VW S (the only unknown parameter) is ﬁxed (VW S =
41.24 MeV) such that the calculated Sn is equal to experimen-
tal value (2.73 MeV) of 23O. By solving eq. (7), we obtain S2n =
6.94 MeV for 24O, which is very close to the experimental value 
(6.92 MeV). We emphasize that the vnn interaction determined 
from the low-energy n–n scattering is crucial for this agreement.
Fig. 2 depicts the single-particle density distribution of 2s1/2
neutron in 24O as well as that for 23O. The latter is determined 
by the WS potential, whereas vnn increases the former around 
r = 3 fm, but damps it faster in the outer region. Note that the 
slope at large distance follows the rule discussed above. The ob-
tained RMS matter radii are 2.97 fm and 3.03 fm for 23,24O, respec-
tively, while that for 22O is 2.85 fm. Here, the 22O core is described 
in terms of the Harmonic Oscillator (HO) wave functions, and the 
center-of-mass correction is made within the HO framework. These 
values are in reasonable agreement with those from experiments 
[16,17]. Whereas the 2s1/2 neutron is considerably loosely bound, 
its RMS radius is not large enough to be recognized as a neutron 
halo.
We then apply the present method to 22C, in two different ap-
proaches. In the ﬁrst approach, the calculation is similar to that 
for the 24O case discussed above, by assuming the 20C core be-
ing a closed shell of Z = 6 and N = 14. The value of VW S (the 
only unknown parameter) is then determined so that the calcu-
lated S2n equals 0.110 MeV, the value suggested by the mass tables 
(Ref. [18]). The resultant value is VW S = 32.08 MeV. The varia-
tion with other values of VW S will be discussed later. It should be 
pointed out that the global parameters for the isospin-dependent 
WS potential of Ref. [19] gives a value of 36.86 MeV for 21C, which 
is not very far from the present value but is much too large to 
make 21C unbound.
Fig. 3(a) shows φ thus obtained, in the form of r2φ2. Fig. 3(b) 
depicts w(r), the one-body potential arising due to the other halo 
neutron. As φ is an s-wave and thereby isotropic, the integration 
in eq. (5) does not depend on the direction of r1. We then express Fig. 3. (a) Radial wave function φ(r) of halo neutron, (b) potential w(r) induced by 
the other halo neutron and (c) their product, as a function of the distance r.
Fig. 4. (Color online.) Density distribution of a halo neutron in 22C. Black dotted line 
is obtained as a single-particle state in the WS potential adjusted to Sn = S2n/2. 
S2n = 0.11 MeV [18] is used in all cases here. Blue dashed line shows this quan-
tity of the s orbit obtained by the present method with the closed-shell 20C core. 
Red solid line represents the result with the correlated 20C core. The green dashed–
dotted line indicates the result obtained from the HO 2s1/2 wave function.
its actual value as w(r) with |r| = r. The function w(r) shows an 
attractive part for small distances arising from the non-zero halo 
neutron density inside the core. In addition to this, one ﬁnds an-
other broad attractive region for r = 3–8 fm.
Fig. 3(c) exhibits the energy gain arising from the interaction 
between halo neutrons, vnn . The integral of the quantity shown 
in the ﬁgure is V = −0.161 MeV. The fraction produced by the 
outer region, r = 3–10 fm, is ∼ 2/3 of V . In other words, halo 
neutrons outside the core gain a crucial amount of the binding 
energy due to vnn . Thus using E = −S2n = −0.110 MeV [18] a RMS 
radius of a neutron halo in 22C is found to be 11.9 fm. Note that for 
this φ,  = 0.026 MeV, which is positive, the WS potential alone 
does not bind a neutron in this state, and is consistent with the 
non-existence of a bound 21C nucleus.
The single-particle density distribution of the halo neutron ob-
tained using the above formalism is shown in Fig. 4 (blue dashed 
line). The corresponding density distribution obtained using a WS 
potential with the depth adjusted to Enn = −S2n/2 = −0.055 MeV
is also shown (black dotted line). One sees that vnn increases the 
density at r = 3–12 fm, while the damping is stronger in the outer 
region. The density distribution using the HO 2s1/2 wave function 
is also shown in Fig. 4 for comparison.
As vnn is ﬁxed, one can obtain the relation between S2n and 
the RMS radius of the halo neutron, by changing VW S , as shown 
in Fig. 5. NuDat 2.6 data base reports the value of S2n of 22C as 
110 ± 60 keV [18], the upper and lower limits of which are shown 
202 T. Suzuki et al. / Physics Letters B 753 (2016) 199–203Fig. 5. (Color online.) RMS radius of the halo neutron as a function of two-neutron 
separation energy S2n . Blue dashed line and ﬁlled circle indicate the result obtained 
with the core of the closed-shell 20C, while red solid line and ﬁlled circle the result 
with the core of the correlated 20C. The result obtained from WS potential (Sn =
S2n/2) without vnn is shown by the black dotted line. The range of S2n obtained 
from Ref. [18] is shown by green thin vertical lines. Green arrows denote values 
discussed in [11] (see text).
Fig. 6. (Color online.) Calculated S2n and −V = −〈vnn〉 (see eq. (6)) as a function 
of VW S . Blue (red) lines are obtained with the closed-shell (correlated) core of 20C. 
For the latter, S2n refers to the modiﬁed value (see text).
in Fig. 5. As the precise experimental value of S2n is yet unknown, 
variations of S2n up to 1.5 MeV are considered. Values of S2n =
0.4, 0.7 and 1.2 MeV were compared with data in [11] and are 
also indicated in Fig. 5. Values for S2n = 0.423 ± 1.140 MeV in 
[20] and −0.140 ± 0.460 MeV in [21] have also been reported. 
The radius is about 6 fm for S2n ∼ 1.5 MeV, and increases as S2n
decreases. For S2n = 0 MeV, the value is ∼ 19 fm. Fig. 5 also shows 
the results obtained without considering vnn . In this case the WS 
depth is adjusted so that Sn = S2n/2 is obtained. The radius then 
becomes larger (compared to with vnn) and reaches inﬁnity as S2n
tends to zero, as expected. As can be seen from the ﬁgure there is 
a clear difference between the calculations with and without vnn . 
It is likely that the existence of an upper limit of the radius is a 
general property of the two-neutron halo. The RMS radii obtained 
from experimental matter radii of 22C [12] and 20C [16] fall in a 
range 15.97 + 3.67/ − 3.97 fm, while the uncertainty seems to be 
rather large.
Fig. 6 shows S2n and −V in eq. (6) as a function of the depth 
of the WS, VW S . For small values of VW S , S2n is less than −V , 
indicating that the WS potential cannot yield a bound 2s1/2. For 
larger values of VW S , the 2s1/2 wave function is more conﬁned 
and V becomes larger. However, the increase of S2n is faster as 
a direct consequence of the increase of VW S . Thus, the two lines 
must cross, and the crossing is at S2n ∼ 0.28 MeV for the closed 
core in Fig. 6. For S2n beyond this, VW S is large enough so that 
2s1/2 is bound, leading to a bound 21C. Thus, combining this plot 
with the unbound nature of 21C, one can estimate S2n is less than ∼ 0.3 MeV. We note that the present range of S2n overlaps with 
some of the results of [8–10], whereas it is smaller than that 
suggested in [7]. These previous works [7–9] are three-body cal-
culations with a point-like core. Other major differences include 
a shift of the 2s1/2 level [7], a zero-range interaction adjusted to 
the scattering length [8] and an empirical three-body force [9]. 
A short-range interaction derived from EFT is used in [10].
We now discuss the second approach. Here the state of the 
inert core, 20C, is treated not to be a closed shell but to be a corre-
lated state with excitations from the same closed shell as assumed 
in the ﬁrst approach. The shell-model Hamiltonian, called YSOX, 
valid for nuclei around 22C [22] shows that the neutron part of the 
20C ground state consists not only of the 1d65/2 closed-shell con-
ﬁguration but also of other conﬁgurations, e.g., 1d45/22s
2
1/2. Protons 
can be excited from the 1p43/2 closed shell as well. The average 
occupation number of neutron in the 2s1/2 orbit of 20C is exper-
imentally shown to be ∼ 1 [11], and the shell-model calculation 
with the YSOX interaction is consistent with this value. Note that 
the 2s1/2 orbit is radially well conﬁned due to a strong coupling 
with HO 1d5/2 orbit, and thus its description by a HO 2s1/2 wave 
function is reasonable. We now introduce the correlated core of the 
22C ground state in a second approach, while the Z = 6, N = 14
closed-shell core, used in the ﬁrst approach, is referred to as the 
closed core. In 22C, the two neutrons occupy a halo s orbit, and the 
orthogonality condition between this halo s orbit and the s orbit 
of the 20C-core state should be fulﬁlled. We keep the halo s orbit 
fully occupied by two neutrons, and the core s state is made or-
thogonal to this halo s orbit by the Gram–Schmidt method. This is 
nothing but a blocking effect on the core state, which can change 
the mixings of the relevant conﬁgurations. Thus, the energy of the 
20C core of the 22C ground state is shifted with respect to the en-
ergy of the 20C ground state. This shift, denoted , is related to 
S2n of 22C as
S2n = −Enn − , (10)
where Enn is the solution of eq. (7).
We estimate the value of  by a shell-model calculation with 
a complete blocking (or exclusion) of the HO 2s1/2 for the 20C 
ground state. Namely, full conﬁgurations are taken for protons in 
the p shell and for neutrons in the sd shell except for 2s1/2. The 
resultant value is  = 1.55 MeV. It then turns out that values of 
VW S = 35.6–37.2 MeV produce an unbound 21C and bound 22C 
with a two-neutron halo. Thus, the two-neutron halo is shown to 
emerge with the present blocking effect.
We now consider more realistic calculations where the block-
ing is partial and thus  is smaller. We ﬁrst decompose the halo 
s-orbit wave function into the HO 2s1/2 wave function, and the re-
maining orthogonal wave function is denoted as far s-orbit wave 
function. Note that the far s-orbit wave function consists mainly 
of a long slowly-damping tail which is the primary component of 
the halo s-orbit wave function. By keeping this halo s-orbit wave 
function unchanged, the s-orbit for the correlated core is deﬁned 
to be the orthogonal combination of the HO 2s1/2 and far s-orbit 
wave functions. The shell model calculation with YSOX interaction 
is carried out in the proton-p and neutron-sd full conﬁgurations 
with this s-orbit. The change in its single-particle energy is evalu-
ated with the YSOX interaction, and is included in the calculations. 
The red solid line in Fig. 5 depicts S2n and RMS radius of the 
halo neutron obtained for various values of VW S . As  is positive, 
S2n becomes smaller than the value obtained by the ﬁrst approach 
for the same value of VW S .
Fig. 6 shows the relation between S2n and 〈vnn〉 also for the 
correlated core. As discussed earlier, the curve of S2n for the corre-
lated core is lower than that for the closed core. It crosses the line 
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the WS potential is not deep enough to make 21C bound, which 
is the actual case. Thus, the value of S2n is constrained to be less 
than ∼ 0.8 MeV. The actual value of  appears to be ∼ 1 MeV
in the range of 0 < S2n < 0.8 MeV. This implies that in Fig. 5 the 
correlated-core curve (red solid line) is obtained by shifting the 
closed-shell-core curve (blue dashed line) horizontally to the left 
by  ∼ 1 MeV. Because a suﬃciently large value of −Enn (> 0) 
is needed to obtain S2n > 0 (see eq. (10)), the lower bound of 
−Enn arises, setting the upper bound of the radius. It is extracted 
from Fig. 5 that the RMS radius of a halo neutron ranges between 
∼ 6 fm (S2n ∼ 0.8 MeV) and ∼ 7 fm (S2n → 0 MeV).
Fig. 4 exhibits also the density distribution of the halo s-orbit 
with the correlated core, for S2n = 0.11 MeV [18]. The distribu-
tion is extended much further as compared to the HO case or to 
the one shown in Fig. 2, although it damps somewhat faster than 
that calculated with only the WS potential or with the vnn effect 
on top of the closed core. We thus see the appearance of a two-
neutron halo even with the correlated 20C core. On the other hand, 
compared to the description with a closed core, a correlated core 
induces some notable quantitative changes, whereas the basic pic-
ture remains. In particular, the weak dependence of the halo radius 
on S2n is a unique but natural consequence of the correlated core, 
and may provide us with new angles in the study of the physics of 
neutron halos.
The upper bound on the radius contradicts the hypothesis of 
multiple Eﬁmov states [23,24] which implies the appearance of 
similar states at different scales near threshold. The ground state 
of 22C has, in fact, the radial distribution already close to this 
upper bound, prohibiting an excited state with a larger radius, a 
feature similar to that mentioned in [10]. On the other hand, we 
would like to point out that the state of two-neutron halo 22C can 
be called a single Eﬁmov state in the case of the correlated core 
where a well-bound 2s-orbit is contained to a sizable extent.
The Gaussian interaction used for vnn in the present work is 
expected to be a good approximation for the s-wave channel in 
the low energy limit. For a very extended neutron halo, the above 
condition is fulﬁlled, as only a relative s-wave can have a large 
amplitude of the wave-function within the range of nuclear force. 
Regarding the inner part of the wave function, the probability is 
small as can be seen from Fig. 3(a). Secondly, for two neutrons in 
the 2s1/2 orbit, the single-particle wave function can be approxi-
mated around the center of the core by a Gaussian. The product of 
two Gaussians with the same range parameter can be expressed as 
a product of the center-of-mass part and the relative part, both of 
which are still s-waves. Moving away from the center, the ampli-
tude of the wave function becomes small, and whereas the ampli-
tude becomes larger again it is in the outer part. Thus, the present 
modeling by the Gaussian interaction is considered to be reason-
able for loosely bound s orbits like in 24O and beyond.
In summary, we discussed the formation of the two-neutron 
halo, using the interaction between halo neutrons ﬁxed by the 
low-energy limit of neutron–neutron scattering. This method is 
model-independent at the low-density limit. An application to 24O 
indicates that this interaction is suitable to describe the state of 
two loosely bound neutrons. The structure of the ground state of 22C, deﬁning an important edge on the Segré chart (see Fig. 1), 
is studied in two different approaches with a closed and a cor-
related 20C core. A unique relation between S2n and halo radius 
is presented. In combining with the unbound nature of 21C, new 
predictions are made on the yet unknown observables: S2n is 
constrained to be <∼ 0.8 MeV (<∼ 0.3) MeV for the correlated 
(closed) core. The halo radius should lie between ∼ 6 fm and 
∼ 7 fm for the correlated core, smaller than those assuming a 
closed core. We mention that the existence of the upper limit of 
the radius is one of the characteristics of two-neutron halo. On the 
other hand, the two-neutron halo of 22C is still possible even with 
the correlated 20C core, placing 22C at the drip line of the oxygen 
anomaly. We point out once more that the relation between S2n
and the halo radius is varied by including the interaction between 
two halo neutrons and also by including the correlation effects 
of the core. These features can be viewed in connection to Eﬁ-
mov states. Thus, the present work brings about new insights to 
neutron-halo studies.
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